Background. Effects of pacing-induced and coronary occlusion myocardial ischemia on left
Methods and Results. Shifts of the diastolic LV pressure-length relation, derived from simultaneous tip-micromanometer LV pressure recordings and digital subtraction LV angiograms, were used as an index of regional diastolic LV distensibility of the anterior wall segment.
Immediately after pacing, LV end-diastolic pressure rose from 13.5+3.5 to 23.8±7.0 mm Hg (p<0.01 versus at rest) without a significant change of the LV end-diastolic volume index (83.1±18.9 versus 88.4+16.5 ml/m2), percentage systolic shortening (%SS) of the ischemic segment fell from 40.1+10.6% to 25 .2+±8.6% (p<0.01), and the diastolic LV pressure-radial length (P-RL) plot of the ischemic segment was shifted upward by 7.1+5.0 mm Hg for portions of the plot that overlapped with the diastolic LV P-RL plot at rest. At the end of CO, LV end-diastolic pressure rose to 20 .8+±7.8 mm Hg (p<0.01 versus at rest) and the LV enddiastolic volume index rose to 95.6± 16 .3 ml/m2 (p<0.05 versus at rest, p<0.05 versus after pacing). Ejection fraction and %SS of the ischemic segment fell respectively from 76.6±6.8% to 46.6+11.4% (p<0.01 versus at rest, p<0.01 versus after pacing) and from 40 .1±10.6% to 6.4±8.6% (p<0.01 versus at rest, p<0.01 versus after pacing). The diastolic LV P-RL plot of the ischemic segment was shifted upward by 3.1±2.3 mm Hg for portions of the plot that overlapped with the diastolic LV P-RL plot at rest. This upward shift at the end of CO was significantly smaller (p<0.05) than that immediately after pacing. At the end of CO, a correlation (p<0.03) was observed for the ischemic segment between %SS and upward shift of the diastolic LV P-RL plot.
Conclusions. The upward shift of the diastolic LV P-RL plot, which was used as an index of decreased regional diastolic LV distensibility, was larger immediately after pacing than at the end of CO. Persistent systolic shortening of ischemic myocardium seems to be a prerequisite for a decrease in diastolic distensibility of the ischemic segment because of the higher %SS of the ischemic segment immediately after pacing, and because of the correlation at the end of CO between the upward shift of the diastolic LV P-RL plot and %SS of the ischemic segment. (Circulation 1991;84:211-222) P Figure 1 ). This area was subsequently divided by the distance between the two perpendicular lines to yield Pm.
To assess material properties of the ischemic myocardium, a radial myocardial stiffness modulus for the ischemic segment (ER) was calculated at rest, during pacing-induced angina, and after 1 minute of balloon coronary occlusion. ER"117 was defined as ER=1AR/AER=-AP!/(Ah/h)= -AP/Aln h The increment in radial stress (Ao-R) was equal but opposite in sign to the increment in left ventricular pressure at the endocardium, and the increment in radial strain (AER) was equal to the increment in wall thickness (Ah) relative to the instantaneous wall thickness (h). Because Ah/h=,Aln h, ER was equal to the slope of a P versus ln h plot. The value of h was derived from the instantaneous diastolic ischemic radial length, assuming a constant left ventricular wall mass. ER values must be compared at a common radial stress or left ventricular pressure level. When comparing ER at rest with ER after pacing, a common radial stress level could be defined in six patients. When comparing ER at rest with ER at the end of balloon occlusion, a common radial stress level could be defined in four patients. When comparing ER after pacing with ER at the end of balloon occlusion, a common radial stress level could be defined in seven patients.
Statistical Analysis
Results (n = 12) are given as mean± standard deviation. The level of statistical significance was set at p<0.05, and the probability value was obtained by Student's t test for paired data and Bonferroni's method of multiple comparison.
Results

Left Ventricular Hemodynamics
Individual values of left ventricular end-diastolic pressure (LVEDP), maximum left ventricular dP/dt, left ventricular end-diastolic volume index (LVEDVI), ejection fraction (EF), heart rate, and left ventricular peak systolic pressure obtained at rest, upon cessation of pacing, and at the end of balloon coronary occlusion just prior to balloon deflation are shown in Table 1 .
LVEDP rose from 13.5 +3.5 mm Hg at rest to 23.8+7.0 mm Hg immediately following pacing (p<0.01) and to 20.8± 7.8 mm Hg (p<0.01) at the end of balloon coronary occlusion. LVEDVI rose from 83.1 + 18.9 ml/m2 at rest to 88.4+16.5 ml/m2 (difference not significant) immediately following pacing and to 95.6+16.3 ml/m2 (p<0.05 versus at rest and after pacing) at the end of balloon coronary occlusion. EF decreased from 76.7+6.8% at rest to 70.8±8.9% immediately following pacing (difference not significant) and to 46.6±11.4% at the end of coronary occlusion (p<0.01 versus at rest and after pacing).
Left Ventricular Hemodynamic Relaxation Indices and Global Diastolic Left Ventricular Properties
Hemodynamic left ventricular relaxation indices measured at rest, immediately following pacing, and at the end of balloon coronary occlusion are shown in Table 2 .
LVEDP rose to comparable levels at the end of balloon coronary occlusion and immediately following pacing, but LVEDVI was significantly greater at the end of balloon coronary occlusion than following pacing (p<0.05) or at rest (p<0.05) ( Rest  PI  CO  1  83  70  51  66  85  71  75  100  75  2  84  67  50  60  66  70  96  106  103  3  62  72  48  70  80  80  115  124  95  4  83  75  37  60  97  80  150  140  160  5  80  80  44  60  65  65  145  150  130  6  74  77  34  60  75  75  115  130  110  7  71  55  30  67  70  83  150  150  160  8  72  70  59  76  103  103  100  110  125  9  84  87  73  75  83  88  110  140  108  10  78  64  45  78  88  94  156  152  123  11  71  59  43  78  88  89  162  172  165  12  78  74  45  79  89  94  133  167 Pacing-induced ischemia caused large reductions (68% and 58%) of segmental shortening in patients 4 and 5, respectively. At the end of balloon coronary occlusion, the diastolic left ventricular pressureradial length plot was superimposable on the plot at rest in six patients ( 
Pathophysiological Mechanisms
In the present study, pacing-induced ischemia caused a smaller reduction in systolic left ventricular performance and a larger decrease in global and regional diastolic left ventricular distensibility than 1 minute of balloon coronary occlusion. Several pathophysiological mechanisms could contribute to the difference in regional diastolic function of these two interventions.
Following pacing-induced ischemia, diastolic left ventricular function is assessed during initial relief of the ischemic stress (i.e., upon cessation of pacing) in contrast to following coronary occlusion, when function is assessed at the nadir of the ischemic stress. During experimental exercise or isoproterenol-induced ischemia,2728 there is subendocardial hypoperfusion followed by increased blood flow to the ischemic region after the ischemic stress episode, even when residual stenosis permits no change in total coronary blood flow. During the postpacing episode, a similar reactive hyperemia in the ischemic region could contribute to the observed decrease in diastolic studies and differ from previous studies on patients with multivessel involvement9-11 insofar that the present study failed to observe significant decreases in global left ventricular systolic performance indices such as maximum left ventricular dP/dt and left ventricular EF during pacing ischemia. In the study by Dawson and Gibson36 maximum left ventricular dP/dt was also unaltered during pacing ischemia. In their study left ventricular EF changed from 73+7% to 68+8%, which equals the 5% decrease in left ventricular EF observed in the present study. During pacing-induced ischemia in the present study, percentage systolic shortening of the ischemic segment fell from 40.1±10.6% to 25.2±8.6% (p<0.01). The decrease in percentage systolic shortening of the ischemic segment observed in the present study exceeded that previously reported during pacing angina in patients with single-vessel LAD stenosis (from 36±6% to 24±8%)37 and the decrease in anterior wall segmental shortening (from 16.7±2.6% to 12.7±1.5%) observed during pacing ischemia in a two-vessel coronary stenosis animal model.',2,38 In the present study, systolic bulging was observed in the three patients (10) (11) (12) in whom measurements were obtained at the end of the second balloon coronary occlusion and not in the nine patients (1) (2) (3) (4) (5) (6) (7) (8) (9) in whom measurements were obtained at the end of the fourth balloon coronary occlusion. A recent study on the reproducibility of sequential balloon inflations26 found all inflations except the first one to cause similar ischemic stresses. The observation that systolic performance at the end of the fourth balloon inflation was better preserved than at the end of the second balloon inflation despite similar ischemic stresses could therefore be consistent with myocar-dial preconditioning to ischemic stress by previous balloon inflations. 39 Coronary occlusion depressed systolic shortening of the ischemic segment more profoundly than pacing-induced ischemia, even leading in some patients (Table 3 , patients 10-12) to systolic bulging and early diastolic recoil. This segmental asynchrony4041 observed in patients 10-12 at the end of balloon coronary occlusion could contribute to the greater prolongation of the time constant of left ventricular pressure decay during balloon coronary occlusion than during pacing-induced ischemia.
Coronary occlusion resulted in a variable depression of segmental shortening, probably because of unequal recruitment of collateral flow. Such a recruitment occurred despite the absence of visible collaterals on contralateral coronary injection at the time of diagnostic coronary angiography. This illustrates the need for assessment of collateralization by a quantitative measure such as coronary wedge pressure.42'43 Such measurement would have facilitated interpretation of regional left ventricular performance during both pacing-induced angina and balloon occlusion of coronary angioplasty. Similarly, measurement of coronary sinus washout of hydrogen and other metabolites could confirm the potential role of tissue metabolites as determinants of systolic performance and diastolic distensibility during the initial stages of myocardial ischemia. Future studies are therefore needed to correlate regional performance of ischemic myocardium with simultaneous measurements of coronary wedge pressure and coronary sinus concentrations of hydrogen and tissue metabolites.
